The radiological properties of the normoxic polymer gel dosimeters MAGIC, MAGAS, and MAGAT ͓methacrylic and ascorbic acid in gelatin initiated by copper; methacrylic acid gelatine gel with ascorbic acid; and methacrylic acid gelatine and tetrakis ͑hydroxymethyl͒ phosphonium chloride, respectively͔ have been investigated. The radiological water equivalence was determined by comparing the polymer gel macroscopic photon and electron interaction cross sections over the energy range from 10 keV to 20 MeV and by Monte Carlo modeling of depth doses. Normoxic polymer gel dosimeters have a high gelatine and monomer concentration and therefore mass density ͑kg m −3 ͒ up to 3.8% higher than water. This results in differences between the cross-section ratios of the normoxic polymer gels and water of up to 3% for the attenuation, energy absorption, and collision stopping power coefficient ratios through the Compton dominant energy range. The mass cross-section ratios were within 2% of water except for the mass attenuation and energy absorption coefficients ratios, which showed differences with water of up to 6% for energies less than 100 keV. Monte Carlo modeling was undertaken for the polymer gel dosimeters to model the electron and photon transport resulting from a 6 MV photon beam. The absolute percentage differences between gel and water were within 1% and the relative percentage differences were within 3.5%. The results show that the MAGAT gel formulation is the most radiological water equivalent of the normoxic polymer gel dosimeters investigated due to its lower mass density measurement compared with MAGAS and MAGIC gels.
I. INTRODUCTION
New and evolving dynamic radiotherapy treatments such as stereotactic radiotherapy and intensity-modulated radiotherapy ͑IMRT͒ place great demands upon current radiotherapy dosimetry techniques. IMRT is achieved by tailoring multisegmented beams to the tumor volume, resulting in reduced absorbed dose to normal healthy tissue and enhancing patient outcome. Consequently this leads to complex threedimensional ͑3D͒ treatment volumes. Current dosimetry techniques such as ion chambers, radiographic film, and TLD are limited to one and two dimensions. To completely verify complex dose distributions, 3D dosimetry techniques are required. Polymer gel dosimetry is a technique that is being developed to meet these challenges and holds great promise for the future of radiotherapy treatment planning and dosimetry. Polymer gel dosimeters have a number of advantages over current dosimeters. These advantages include integration of dose within the dosimeter, evaluation of a complete volume at once, equivalence of anatomical soft tissue, and enablement of true 3D dosimetry. [1] [2] [3] For a polymer gel dosimeter to be of use in radiation dosimetry, it should display water-equivalent radiological properties. The radiation absorption and scattering within a given thickness or mass of polymer gel dosimeter should be the same as that experienced in a similar thickness or mass of water. A convenient method for evaluating the radiation characteristic equivalence of two materials is to compare the mass density, mass attenuation, and energy absorption coefficients ͑ / , en / ͒, electron mass stopping powers and scattering powers ͑S / and T / ͒ for a range of energies. 4, 5 Polyacrylamide ͑PAG͒ ͑Ref. 6͒ and Fricke 7 -type gel dosimeter systems have previously been investigated for their radiological interaction characteristics and water equivalence. 8, 9 This paper investigates the MAGIC ͑meth-acrylic and ascorbic acid in gelatin initiated by copper͒, 10 MAGAS ͑methacrylic acid gelatine gel with ascorbic acid͒, and MAGAT ͑methacrylic acid gelatine and tetrakis ͑hy-droxymethyl͒ phosphonium chloride͒ 11 normoxic 10-12 polymer gel dosimeters for their radiological interaction characteristics and water equivalence within the therapeutic energy range. Monte Carlo modeling was undertaken for the polymer gel dosimeters to model the electron and photon transport resulting from a 6 MV photon beam. Depth dose profiles were calculated for each polymer gel formulation and compared with depth dose profiles for water. Fractional interaction probabilities have also been calculated and compared with those for water over the therapeutic energy range.
II. METHOD

A. Polymer gel dosimeters
The compositions of the polymer gel dosimeters are listed in Table I . The elemental percentage weight fractions of each polymer gel have been tabulated along with materials of interest for comparative purposes in Table II . 5, 13 B. Manufacture and mass density measurements of polymer gel dosimeters MAGIC, MAGAS, and MAGAT normoxic polymer gel dosimeters were manufactured on the bench top under normal atmospheric conditions. 11, 12 The gelatine was added to the water and left to soak for 10 min, after which time heating of the solution commenced. The gelatine solution was continually stirred and heated to 48°C and then left to cool to 40°C before the methylacrylic acid monomer and the respective oxygen scavengers were added. Once thoroughly mixed, the polymer gels were poured into glass volumetric flasks and left to set in a refrigerator that was maintained at 4°C. Five separate flasks were filled for each polymer gel formulation so the mass density measurements could be averaged and an uncertainty value calculated. The mass density of the polymer gels was determined at room temperature ͑22.5± 0.5͒°C. Four weight measurements were required to calculate the mass density of the polymer gel: the flask alone, the flask filled completely with water only, the flask approximately half filled with polymer gel, and the flask half filled with gel subsequently filled completely in addition with water. The five mass density measurements acquired for each polymer gel were averaged. The uncertainty in the mass density gel , was calculated as the standard error in the mean value. Once the mass density of each polymer gel formulation was known, the electron to mass density ratio, e / and effective atomic number Z eff of each polymer gel was calculated ͑Table III͒. Calculation details may be found elsewhere.
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C. Interaction probabilities
The fractional interaction probabilities were calculated for each polymer gel formulation and water using the programs EXAMIN and PEGS4, which are a part of the EGS4 Monte Carlo code system. 15 Each polymer gel fractional interaction probability was subtracted from the water fractional probability to determine the magnitude of any differences.
D. Calculation of radiation transport parameters
The radiation transport parameters of the individual polymer gel formulations were examined for their water equivalence. The parameters investigated were the photon attenuation and absorption coefficients, and electron stopping and scattering powers over the energy range of 10 keV to 20 MeV. Both the absolute and mass density scaled parameters were calculated for photon and electron transport. The elemental data for photon attenuation and energy absorption were taken from the literature. 16 The attenuation / and energy absorption en / for each polymer gel formulation were calculated from the elemental values using the mixture rule 5.090ϫ 10 
in which w i is the proportion by weight of the ith element constituent with mass attenuation coefficient ͑ / ͒ i .
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The electron mass collision S col / and mass radiative S rad / stopping powers were calculated using the ESTAR computer program. 18 The mass scatter power T / was calculated for the individual elemental constituents using Eq. ͑2͒.
where m is the cutoff angle due to the finite size of the nucleus and is the screening angle of the nucleus due to the orbital electrons. Further equation details are available in the literature. 19 T / for each polymer gel formulation was calculated using the mixture rule.
E. Monte Carlo modeling
To determine how the observed differences in the crosssection data for the megavoltage energies affected the depth dose profiles, Monte Carlo depth doses were modeled. 20, 21 The depth dose curves for the individual polymer gel formulations were calculated using the EGS4 Monte Carlo code. 15 The cross sections were generated using the EGS4 preprocessor PEGS4. The composition and mass density of each polymer gel were used as the inputs to PEGS4 to produce data sets containing physical properties of each material. The photon and electron transport parameters used were A E = 0.561, A P = 0.010, E cut = 0.561, and P cut = 0.010 MeV, where A E and A P are the discrete cutoff thresholds for collision and radiative energy losses, respectively, and E cut and P cut are the electron and photon user-defined cutoff energies. The PRESTA algorithm for electron transport was used with ESTEP set to 1.0. The beam parameters used were a 100 cm SSD with a 4 ϫ 4 cm 2 field of energy 6 MV. The photon spectrum was reconstructed from narrow-beam attenuation measurements in the 6 MV beam from a Varian 600C linear accelerator. The average energy was 1.7 MeV and the energy with the highest probability of occurring was 1 MeV. Small voxel sizes were used in the dose build-up region for the first 10 voxels with dimensions of 1 ϫ 1 cm 2 in the x and y plane and 0.2 mm in the z-depth direction. For depths thereafter, the voxel dimensions were 1 ϫ 1 ϫ 1 cm 3 , with the central axis in the center of the voxel. A total of 800 million histories was required to reduce the statistical uncertainty to 0.1% ͑95% confidence interval͒.
Each polymer gel depth dose curve was normalized using the maximum dose for water and was defined by 100 ϫ DD gel / DD max water , where DD is the calculated dose per incident fluence. The normalization was performed this way so absolute comparisons between the depth dose for water and polymer gel could be made. The profiles were corrected to the water-equivalent radiological depth, i.e., depth ϫ density ͑g cm −2 ͒ to factor out mass density differences with water. Absolute ͑% of incident dose͒ and relative ͑% of local dose͒ percentage differences were determined between the water and polymer gel, where the absolute percentage difference is defined as ͑DD water − DD gel ͒ and the relative percentage difference is defined as ͑DD water − DD gel ͒ / DD water ϫ 100.
III. RESULTS
A. Mass density measurements and electron density calculations
The mass density ͑kg m −3 ͒ values measured for the normoxic polymer gels are tabulated in column 1 of Table III along with their associated uncertainty. Various tissues of interest are also included in Table III . Figure 1 shows the fractional interaction probabilities of MAGIC compared with water over the energy range from 10 keV to 20 MeV. Only the interaction probability curve for MAGIC is shown since the interaction probabilities curves of MAGAS and MAGAT appear nearly identical to the eye. Figure 2 shows the mass attenuation coefficient ratios ͑ / ͒ water gel and Fig. 3 shows the mass energy absorption coefficient ratios ͑ en / ͒ water gel . Figure 4 shows the ͑S col / ͒ water gel collision stopping power ratios and Fig. 5 shows the ͑S rad / ͒ water gel radiative stopping power ratios. Figure 6 shows the ͑T / ͒ water gel scatter power ratios. Figures for the absolute ratios have been omitted since they are mass density multiples of the mass density ratios. Figure 7 shows the normalized Monte Carlo depth dose for water and MAGIC. The depth doses for MAGAS and MAGAT have been omitted for simplicity but were very similar in appearance to MAGIC. Figure 8 shows the absolute and relative percentage differences between the Monte Carlo depth dose for water and MAGIC plotted as a function of radiological depth. The figures for MAGAS and MAGAT have been omitted for simplicity but were also very similar in appearance to MAGIC. Table III shows that MAGAT has the closest mass density to water of the normoxic polymer gels. The electron densities for the normoxic polymer gel dosimeters given in Table III are closer to that quoted for muscle tissue than water. The mass densities of MAGIC and MAGAS are very close to that for muscle tissue and, given the uncertainties, would fall within the quoted mass density for muscle. From the literature, it is noted that the mass density quoted for MAGIC differs from values quoted elsewhere ͑Fong et al. While it is beyond the scope of this paper to evaluate mass density changes within normoxic polymer gels as a function of absorbed dose, it has been shown in a previous study that MAGIC gel increases in mass density of the order of 1% for a dose of 50 Gy. 22 Details on the mass density of MAGIC and MAGAT gel as a function of absorbed dose can be found elsewhere. 22, 23 B. Interaction probabilities Figure 1 shows that Compton scattering is the dominant interaction type in the energy range from 30 keV to 20 MeV. Fractional interaction probability differences with water were revealed of up to 5% for the photoelectric and Compton scattering effects for MAGAS and MAGIC and of up to 1.25% for MAGAT for energies below 100 keV. Through the energy range 100 keV to 3 MeV for the Compton effect, no differences were observed with water for all polymer gels, and differences of less than 1% were observed with water for energies above 5 MeV for Compton scattering and pair production. Figure 1 shows that, for energy Ͻ30 keV, photoelectric absorption is the dominant interaction in the polymer gels. The normoxic polymer gel dosimeters are enriched with ϳ8.5% carbon ͑Table II͒, which has a significantly lower attenuation coefficient compared with oxygen for energies in the photoelectric absorption range. 24 This explains why the ratios ͑ / ͒ water gel in Fig. 2 are nearly 6% lower for energies below 100 keV. Figure 1 shows that, in the region 30 keVϽ energy Ͻ 20 MeV, Compton scattering is the dominant interaction. Since the Compton interaction involves essentially only free electrons in the absorbing material, it follows from this that the Compton mass attenuation coefficient depends only on the number of electrons kg −1 , e / . Table III shows for each polymer gel the electrons kg −1 , e / , is lower than that of water. This would explain the 1% difference between the mass attenuation coefficient ratios and the line of unity through the Compton dominant region in Fig. 2 . It can be seen in Fig. 2 that for energies above 5 MeV, the coefficient ratio ͑ / ͒ water gel begins to gradually decrease. This is the energy at which the dominance of Compton scattering begins to reduce and pair production increases ͑Fig. 1͒. The decrease in the ratio would be influenced by the different atomic composition compared with water. Similar trends are observed for ͑ en / ͒ water gel in Fig. 3 when compared with Fig. 2 except for a subtle difference for energies less than 100 keV. Figures 2 and 3 are similar since most electron interactions in the therapeutic energy range involving low-Z materials give up energy almost entirely by ionization collisions, meaning most energy is deposited locally, rather than being radiated away from the local volume by bremsstrahlung. 14, 24 For energies less than approximately 2 MeV, en ϳ tr , where tr is the energy transfer coefficient, which is given by tr = ͑E tr / h͒ . This shows that ͑E tr / hv͒ acts as a scalar for low energies in low-Z materials. The observed difference in mass attenuation and mass energy absorption coefficients ratios for low energies can be explained by the significantly lower mean energy transferred E tr , for carbon compared with oxygen for energies between 10 and 100 keV. 24 The ͑S col / ͒ water gel ratios in Fig. 4 are fairly constant over the energy range investigated. Figure 4 and Table III show that the ratios are similar to the mass scaled electron density ratio ͑ e / ͒ water material . The mass radiative stopping power ͑S rad / ͒ water gel ͑Fig. 5͒ and mass scatter power ͑T / ͒ water gel ͑Fig. 6͒ ratios have a Z͑Z +1͒ and approximately Z 2 dependence, respectively. Therefore, the differences in atomic composition of the normoxic polymer gels compared with water are important for these curves ͑Table II͒. Note that over the range of energies studied ͑S col / ͒ water gel Ͼ ͑S rad / ͒ water gel . Over the range of energies investigated, the stopping power ratios and scattering power ratios are relatively insensitive to energy.
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IV. DISCUSSION
A. Mass density measurements and electron density calculations
C. Radiation transport parameters
The normoxic polymer gel that had the closest absolute cross-section ratios with water was MAGAT. This is because MAGAT was measured to have a mass density lower than MAGAS and MAGIC, as shown in Table III . This indicates the absolute cross-section ratios are strongly dependent on the mass density of the polymer gels. Table III shows the normoxic polymer gels were up to 3.8% higher in mass density; therefore, this resulted in differences with water of up to 3% through the Compton dominant energy range for absolute attenuation, energy absorption, and collision stopping power coefficient ratios.
D. Monte Carlo modeling
While Fig. 7 reveals little quantitative information about the differences between water and gel depth dose, Fig. 8 shows that the mass density-corrected Monte Carlo depth dose curves agreed to within 1% of the incident dose. In relative terms, the difference between curves increases with radiological depth in the material to about 3.5% of local dose at a radiological depth of 30 g cm −2 for MAGAS and MAGIC and 3% for MAGAT. These differences are about 1% higher if the mass density correction of depth is not considered. Figures 2 and 3 show that less energy is transferred to the polymer gels than water; this is due to the lower number of electrons kg −1 , e / . The lower energy transferred explains the differences observed between the gel depth dose and water. Of the normoxic polymer gel dosimeters, the MAGAT composition gives the depth dose closest to that for water.
To determine if the significantly lower attenuation coefficient of carbon compared with oxygen for energies less than 100 keV impacted upon the depth dose profile, Monte Carlo depth dose was calculated for MAGAS with the parameter P cut set to 100 keV. The effect on the depth dose profile was found to be negligible.
The beam parameters used in this study were a 100 cm SSD with a fixed jaw 4 ϫ 4 cm 2 field of 6 MV energy and the photon spectrum was reconstructed from these narrow-beam conditions. Beam hardening caused by multileaf collimators ͑MLCs͒ at 6 MV has previously been quantified 25 and, due to the slowly varying attenuation coefficient in water in the MeV range, relative depth dose curves through open and MLC fields are similar at 6 MV, and almost identical at 18 MV. IMRT delivery can be considered as a combination of an open field and MLC blocked field, and therefore, the results presented here are valid for IMRT spectra.
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E. General discussion
The normoxic polymer gel that has the best radiological water equivalence is the MAGAT formulation. The normoxic polymer gel dosimeters have the same gelatine, water, and monomer concentration, differing only in the type of oxygen scavenger. The Monte Carlo and absolute cross-section ratio results are sensitive to the mass density measurements, and this may vary for each batch. Since it has been noted that mass density can vary for each batch, 10, 22 it would be necessary to measure the mass density for each batch separately, so dose distributions can be accurately plotted as a function of radiological depth and hence factor out mass density differences with water. The reproducibility of normoxic polymer gels is an issue that requires further investigation as the mass density of the polymer gel has an effect on the interaction characteristics and the dose distribution.
The radiological properties of the normoxic polymer gels compare less favorably with water than the hypoxic PAG. 8 However, this could be expected due to the higher mass density of the normoxic polymer gel dosimeters and the higher concentration of water in the PAG formulation. It would be desirable if the mass density of the normoxic polymer gel was closer to that of PAG, which has a mass density 2% above that for water. 8, 26 The radiological properties of PAG can be found elsewhere. 8 When using a dosimeter in megavoltage x-ray or electron beams, the most important issues to consider for radiological water equivalence are the relative electron and mass densities. Having a relative electron density close to water is an important consideration due to the predominance of the Compton effect over the therapeutic energy range. Table III shows that the normoxic polymer gel dosimeters have an electron density difference with water of less than 4%. This indicates the normoxic polymer gel dosimeters investigated are suitable for dosimetry purposes in the therapeutic energy range. To support this, Fig. 1 showed no difference between water and the polymer gel for energies between 1 and 3 MeV for Compton scattering.
When developing normoxic polymer gel dosimeters, the mass density should ideally be as close to unity as possible. The normoxic polymer gel dosimeters investigated here were measured to have mass densities almost 4% greater than that for water. This is due to the high gelatine and monomer concentration. The mass cross-section ratios show that, with the mass density effect removed, differences can still be expected in the depth dose profiles of the polymer gels and water as shown in Figs. 7 and 8 , due to the nonwater equivalence of the interaction characteristics.
V. CONCLUSION
MAGIC, MAGAS, and MAGAT normoxic polymer gel dosimeters have been investigated for their radiological water equivalence by investigating both their radiation parameters and by Monte Carlo modeling of depth doses. The normoxic polymer gels, due to their high gelatine and monomer concentration, have a mass density ͑kg m ͒ of up to 3.8% higher than water. This resulted in differences with water for the cross-section ratios of up to 3% for attenuation, energy absorption, and collision stopping power coefficient ratios through the Compton dominant energy range. The MAGAT formulation was the most water equivalent for the crosssection ratios; however, this could be attributed to the lower mass density measurement. The mass cross-section ratios were within 2% of water with the exception of energies in the photoelectric range, where the differences were up to 6% for mass attenuation and energy absorption coefficients. This difference is attributed to the lower attenuation coefficient of carbon compared with oxygen for energies below 100 keV.
Monte Carlo calculations of 6 MV depth doses for the polymer gels showed absolute percentage differences compared with water of less than 1%. The relative percentage differences were up to 3.5% for MAGAS and MAGIC, and 3% for MAGAT at a radiological depth of 30 g cm −2 . The depth dose profile for MAGAT was closest to that of water.
When using a dosimeter in the therapeutic energy range, the most important issues to consider for radiological water equivalence are the relative electron and mass densities. These issues should be considered when developing and using normoxic polymer gel dosimeters.
